Aminopeptidase plays critical roles in processes such as protein maturation, the terminal stage of protein digestion, regulation of hormone levels, selective or homeostatic protein turnover and plasmid stabilization.
Measurement of the Enzyme Activity
We used 50 mM Tris-HCl buffer (75 mM NaCl), pH 7.5, as the assay buffer.
3)
The incubation mixture (300 ml) contained 50 mM buffer, 0.13 mM Arg-b-NA, and an appropriate amount of enzyme. After incubation at 25°C for 20 min, 500 ml of 1 M acetate buffer, pH 4.0, containing 10% (V/V) Tween 20 and Fast Garnet GBC (0.2 mg/ml in water) was added to the reaction mixture. The absorbance of the resulting diazo dye was measured at 530 nm. One unit of the enzyme activity was defined as the amount of enzyme catalyzing the formation of 1 mmol of b-naphthylamine per min at 25°C. 3) Cloning of a Rat Ap-B cDNA and Purification of the Overexpressed Recombinant Ap-B The pBluescript phagemid containing cDNA encoding a rat Ap-B was constructed as described previously. 4) For expressing a rat Ap-B as a glutathione S-transferase (GST) fusion protein, the Ap-B cDNA isolated from the recombinant pBluescript phagemid was subcloned into pGEX-4T-3 (Amersham Pharmacia Biotech) digested with EcoRI-XhoI. The recombinant pGEX-4T-3 was named pGEX-Ap-B. Escherichia coli BL21 harboring a plasmid pGEX-Ap-B containing the gene for Ap-B was cultured overnight in 2xXYTA supplemented with 100 mg/ml ampicillin at 33°C and then induced with 0.2 mM IPTG. After incubation for another 18 h at 28°C, the cells were collected by centrifuging at 5000 rpm for 30 min. The cell pellet was resuspended in 1ϫPBS buffer and lysed using a French press and sonication at 4°C. The lysate was spun at 15000 rpm for 30 min to remove cell debris. Ten microliters of endonuclease (362 units/ml) was added to the supernatant and the supernatant was incubated to decompose nucleic acid for 30 min at room temperature. Then, the supernatant was filtered through a 0.45 mm filter and loaded into a glutathione-Sepharose 4B column (1.4ϫ4 cm) equilibrated with 1ϫPBS. After the column was washed with the same buffer, 4 ml of thrombin solution (100 units/ml in PBS) was loaded into the column in order to cleave Ap-B. The column was incubated at room temperature for 1 h and the protein was eluted with 1ϫPBS at 4°C. After removing thrombin from Ap-B solution by means of a benzamidine-Sepharose column, we dialyzed the enzyme fractions against 20 mM TrisHCl buffer (pH 7.4) and loaded them into a Q-Sepharose col- umn. The column was washed with the same buffer, and the protein was eluted using a linear gradient from 0 to 1 M NaCl in the same buffer. Peak Ap-B fractions were pooled and concentrated.
Characterization of the Metal-Binding Site in Aminopeptidase B

Zinc-Removal Reactions from Ap-B by Various Chelating Agents
In the removal of zinc ion from Ap-B using chelating agents (EDTA, 1,10-phenannthroline (OP), 2,6-pyridinedicarboxylate (2,6-PA), and bipyridine (Bipy)), 0.2 ml of Ap-B stock solution (ca. 10 Ϫ7 M) in 50 mM Tris-HCl buffer (pH 7.4, 75 mM NaCl) and 0.2 ml of various chelating agent solutions (10
Ϫ6
-10 Ϫ2 M) in the same buffer were mixed quickly. After 1.5 h incubation at 25°C, 20 ml of the reaction solution was removed and added to 300 ml of 50 mM Tris-HCl buffer (pH 7.5, 75 mM NaCl and 0.13 mM Arg-b-NA) to measure the peptidase activity of Ap-B.
Preparation of Metal-Substituted Ap-B At low temperature (4°C), the zinc ions of Ap-B could not be completely removed from Ap-B even after incubating for 3 d with 10
Ϫ1 M 2,6-PA, so that, at 25°C, the zinc ions of Ap-B was removed by 10 Ϫ1 M 2,6-PA. The metal-substituted Ap-B was prepared by incubating Ap-B with 10 Ϫ1 M 2,6-pyridinedicarboxylate (2,6-PA) in 50 mM Tris-HCl buffer (pH 7.4, 75 mM NaCl) for 20 min at 25°C and then by adding 0.045 M cobalt or cupric ions to the reaction mixture. The excess metal ions and 2,6-PA were removed from the reaction mixture solution by successive dialysis against 50 mM Tris-HCl buffer (pH 7.4, 75 mM NaCl).
Measurement of the Metal Contents of Recombinant Ap-B and the Metal-Substituted Ap-B The zinc, copper and cobalt contents of Ap-B, Cu(II)-and Co(II)-Ap-B were respectively measured by electro-thermal atomic absorption spectrometry and the zinc content of recombinant-Ap-B was measured by flame atomic absorption spectrometry using SAS-7500A (Seiko Instruments Inc.).
Measurement of EPR Spectra
The X-band EPR spectra were measured at 77 K using an EPR spectrophotometer (JES-TE200; JEOL, Tokyo) interfaced with a microcomputer system to accumulate EPR data. Spectral g values were calibrated using Mn 2ϩ as a standard. Measurement of the Kinetic Parameters of Metal Derivatives of Ap-B To determine kinetic parameters of recombinant-Ap-B and Co(II)-Ap-B, the enzyme activities were measured in 50 mM Tris-HCl buffer (pH 7.4, 75 mM NaCl). The substrate concentrations used in these experiments were 0.01-0.8 mM. K m and k cat were calculated from the relationship between the rates of the enzyme activities and the substrate concentrations using the non-linear least squares calculation method.
Determination of the Metal Dissociation Constants of Recombinant-Ap-B and Co(II)-Ap-B A simple technique used to estimate the metal dissociation constants was based on the measurement of the enzyme activity in a series of metal buffer systems with known concentrations of free metal(II) ions. [6] [7] [8] The metal buffers were solutions of the constant metal ions (10 Ϫ4 M) and excess chelating agent [2,6-pyridinedicarboxylate (2,6-PA) or 2-pyridinecarboxylate (2-PA)]. The available concentration of the metal ions in such a solution depends on the stability constants of the significant chelates, on the concentration ratio of metal ions to chelates, and on pH. The corresponding calculations of free metal ions, based on the data from the conditional stability constants of chelating agents at pH 7.4 [2,6- 7, 8) were performed with the aid of a BASIC computer program. 6, 9) The dissociation of the metal ions (M 2ϩ ) from Ap-B is described by
where [E] is the concentration of the apo-enzyme of Ap-B and [M 2ϩ ] is the concentration of free metal ion calculated from the conditional stability constants of the chelating agent. In the addition of the metal buffer to the enzyme, the enzyme activity is shown by
where V lim is the limit value of the enzyme activity. 6) 
RESULTS
Zinc Removal Reactions from Recombinant Ap-B by
Various Chelating Agents A rat Ap-B was expressed as a glutathione S-transferase (GST) fusion protein in Escherichia coli BL21 harboring a plasmid pGEX-Ap-B. The enzyme was purified by glutathione-Sepharose 4B and QSepharose columns. The purity of the protein after the purification steps was typically greater than 95% homogeneous as analyzed by SDS-PAGE, and about 10 mg of pure recombinant Ap-B was obtained from 4 l of 2X YTA broth. The enzyme retained its activity even after storage of a few weeks at 4°C. The specific activity of recombinant Ap-B and the zinc content are shown in Table 1 .
The specific activity value of recombinant Ap-B was 12.5Ϯ3 units/mg of protein. The specific activity of recombinant Ap-B was almost consistent with that of Ap-B isolated from human placenta.
3) The enzyme contained about 1.0Ϯ0.1 mol of zinc ion per mole of protein.
After recombinant Ap-B was incubated against various concentrations of chelating agents in 50 mM Tris-HCl buffer (pH 7.4) containing 75 mM NaCl for 1.5 h at 25°C, the peptidase activities of Ap-B were measured, and these results are shown in Fig. 1. In Fig. 1 , the peptidase activities of Ap-B are plotted against the concentrations of chelating agents. 2,6-Pyridinedicarboxylate (2,6-PA), Bipy and OP easily inhibited the peptidase activities of Ap-B, and the peptidase activities decreased with increasing concentrations of the chelating agents, but EDTA could not inhibit the peptidase activity in spite of its high concentration (5ϫ10 Table 1 . In Table 1 12) The EPR parameters were obtained from Fig.  3A and are shown in Table 3 along with those of Cu(II)-dipeptidyl peptidase III, Cu(II)-Leu 453 -del-dipeptidyl peptidase III, Cu(II)-thermolysin, and Cu(II)-carboxypeptidase A, 5, 6, 12, 13) in which the zinc-binding residues are His, His, and Glu.
When the substrate (1 mM), Arg-b-NA, was added to Cu(II)-Ap-B, the EPR spectrum was changed by forming the adduct. The EPR spectrum of Arg-b-NA adduct of Cu(II)-Ap-B is also shown as the spectrum (b) in Fig. 3A . The shape of the EPR spectrum of the substrate-adduct is different from that of Cu(II)-Ap-B. This behavior clearly indicates that the cupric ion in Cu(II)-Ap-B is located in the active site of Ap-B. The EPR parameters (g ⊥ , g ʈ and A ʈ ) of the substrate adduct of Cu(II)-Ap-B are also shown in Table 3 .
The perpendicular region of the EPR spectrum of Cu(II)-Ap-B in Fig. 3A is shown as the spectrum (a) in Fig. 3B . In . The assays were controlled in 100 ml of 0.05 M Tris-HCl buffer, pH 7.4 (75 mM NaCl), containing the metal buffer. After equilibration between apo-Ap-B and the chelating agent for the metal ions (60 min incubation at 25°C), reactions for the enzyme activity were performed using the standard enzyme assay described in Materials and Methods. : Zn 3B , the five clear lines of the superfine structure which arise from the spin-spin interaction between the nuclear spin of the nitrogen atoms (Iϭ1) and the electron spin of the cupric ions are observed in the perpendicular region, and the spin-spin interaction parameter between the nuclear spin of the nitrogen atoms (Iϭ1) and the electron spin of the cupric ions is about 14 Gauss. The superfine structure of the five lines in the perpendicular region which occurs by the spinspin interaction between the nuclear spin of the nitrogen atoms and the electron spin of the cupric ions clearly indicates that two nitrogen atoms of residues coordinate with the cupric ions of Cu(II)-Ap-B. The perpendicular region of the EPR spectrum of the substrate adduct is also shown as the spectrum (b) in Fig. 3B . The five clear lines of the superfine structure which arise from the electron spin-nuclear spin interaction are also observed in the spectrum of the substrateadduct of Fig. 3B .
DISCUSSION
As shown in Fig. 1, 2,6 -PA, Bipy, and OP, which are the compact chelating agents, easily inhibited the peptidase activities of Ap-B at 25°C, while EDTA, which is the bulky chelating agent, could not inhibit the peptidase activity of Ap-B in spite of the large stability constants for the zinc ion.
These results show that the zinc ion of Ap-B is located in the deep crevice of the active site, and the zinc removal reaction proceeds through the ternary complex involving the enzyme, the chelating agent, and the zinc ion (EML) in the deep crevice of the active site 15, 16) :
where EM, EML, L, and MLn are the metalloenzyme, the ternary complex, the chelating agent, and the metal complex, respectively. In the EPR spectra of Cu(II)-Ap-B, the superfine structure of the five lines in the perpendicular region (the spectrum (a) in Fig. 3B ), which occurs by the spin-spin interaction between the nuclear spin of the nitrogen atoms and the electron spin of the cupric ions, clearly indicates that two nitrogen atoms of residues coordinate with the cupric ion of Cu(II)-Ap-B. In our previous paper, 4) we proposed that the putative zinc-binding residues are His 324 , His 328 and Glu 347 using sitedirected mutagenesis. The EPR results obtained in this paper clearly show that two His residues bind to the metal ions of Ap-B and support our previous proposal that the putative zinc-binding residues are His 324 , His 328 and Glu
347
. Rosenberg R. C. et al. 13) pointed out that the g ʈ and A ʈ values correlate with planarity as measured by the angle (q) between the two planes in Cu(II)N 2 O 2 systems. The EPR parameters (g ⊥ , g ʈ and A ʈ ) of Cu(II)-Ap-B are very similar to those of Cu(II)-thermolysin and Cu(II)-dipeptidyl peptidase III, but the A ʈ of Cu(II)-Ap-B is larger than that of Cu(II)-carboxypeptidase A. On the basis of X-ray crystallography, it is known that the coordination geometry of the cupric ions in Cu(II)-car- boxypeptidase A is tetrahedral. 14) The slightly larger A ʈ value of Cu(II)-Ap-B indicates that the coordination geometry of the cupric ion of Cu(II)-Ap-B tends toward more square planar geometry than that of Cu(II)-carboxypeptidase A.
When the substrate, Arg-b-NA (1 mM), was added to Cu(II)-Ap-B, the EPR spectrum was changed by forming the adduct between Cu(II)-Ap-B and the substrate in Fig. 3 . This result clearly shows that the metal ion of Ap-B is located in the active site of Ap-B. The five clear lines of the superfine structure are also observed in the EPR spectrum of the substrate-adduct of Fig. 3B . It implies that the nitrogen atom of the peptide bond of Arg-b-NA does not bind to the cupric ion of Cu(II)-Ap-B.
